Heat transfer and bubble phenomena were investigated by adopting the drift flux model in a viscous slurry bubble column reactor (SBCR), having a diameter of 0.0508 m (ID) and height 1.5 m. The effects of superficial gas velocity (0.002 -0.164 m/s), solid concentration (0 -20 wt%) and liquid viscosity (paraffin oil; 16.9 mPa•s and squalane; 25.9 mPa•s) on the gas holdup and heat transfer characteristics were examined. It was observed that the gas holdup increased with increasing superficial gas velocity (UG), but decreased with increasing solid concentration (SC) or slurry viscosity. The degree of non-uniformity in a SBCR could be determined by the modified drift flux model at the heterogeneous flow regime. The local heat transfer coefficient (h) between the immersed heater and the bed decreased with increasing liquid viscosity and SC, but it increased with increasing UG. The modified Nusselt number including the gas holdup and local heat transfer coefficient was well correlated in terms of dimensionless groups such as Reynolds and Prandtl numbers.
Introduction
Slurry bubble column reactors (SBCR) which have many advantages relative to other types of reactors can be widely used in industry for syngas conversion reactions such as Fischer-Tropsch synthesis and methanol synthe-
The Drift Flux Model
The drift flux (j gm ) is defined by Wallis [12] as the volumetric flux of gas relative to a surface moving at a velocity equal to the total of the superficial gas and liquid velocity. For the SBCR, the modified local drift flux is cal- 
where, J gm and Vs are the drift flux velocity and the local slip velocity, respectively. A plot of drift flux verses ε G can be used to classify the flow regimes [13] . The change of slope clearly indicates the transition of flow regime. These flow regimes depend on the liquid circulation and current type, solid properties such as size and density, and reactor diameter, etc. In addition, the drift flux model modified by Zuber and Findlay [14] is widely recommended for modeling gas holdup in bubble columns [15] [16] . It accounts for the effects of radial non-uniformity of the superficial gas velocity and gas holdup, and the effect of interstitial gas velocity (U G /ε G ) between the two phases of gas and liquid. Zuber and Findlay [14] derived that:
K is called the distribution parameter and is a constant related to the degree of non-uniformity in the bubble column (for a uniform radial gas holdup profile, K = 1; for a center-peaked radial gas holdup profile, K > 1 [17] ); and
is called the weighted mean drift velocity and indicates the effect of the local relative velocity. Also, the bubble column is operated in batch mode; hence, the superficial liquid velocity is zero.
Experiments
Experiments were carried out in an acryl column of 0.0508 m in diameter and 1.5 m in height (Figure 1 ). Oil- free compressed air was fed to the column through a pressure regulator, filter and a calibrated flow meter. It was admitted to the column through a perforated plate distributor. The distributor contained 30 holes with triangular pitches; the diameter of each hole was 0.5 mm. The dynamic pressure fluctuations for the measuring gas holdup was measured at the center of the bed through the pressure taps that were mounted flush with the wall of the column between 0.3 and 0.4 m from the distributor. Pressure fluctuations were measured and detected by sensitive differential pressure transducer (Validyne, Model P24D) attached to the pressure probes. The voltage-time signals, corresponding to the pressuretime signals, were sampled at a rate of 300/s and stored in the data acquisition system (Data Precision-Model, DT2805). The total acquisition time was 10 s having 3000 data points. The gas holdup is determined from
where, the solid volume fraction within the bubble column, ε S , is determined from the known slurry volume and the solid weight percent [18] . Experiments performed in the range of 0.002 -0.164 m/s (superficial gas velocity) and 0 -26 wt% (solid concentration), respectively. Paraffin oil (880 kg/m 3 , 16.9 mPa•s) and squalane (800 kg/m 3 , 25.9 mPa•s) were used as liquid phase to make the slurry phase. Catapal B (boehmite) with an average diameter of 60 μm and a density of 2074 kg/m 3 was used as solid particle to comprise the slurry phase. The local heat transfer coefficients were determined by Equation (4) from the knowledge of amount of heat supply and temperature difference between the heater surface (T s ) and the bed (T b ) [19] [20].
( )
The heat supply (Q) was obtained from the DC power supplier, and it was verified by means of the energy balance in the column. 
Results and Discussion
In the SBCR, the gas holdup is one of the most important parameters used to describe its performance. The behavior of the gas holdup has been attributed to many different factors, including the physical properties of gas/ liquid/solid phase, column geometry, gas distributor design, and the operating variables such as pressure, gas velocity, temperature, and solid concentration. In particular, the gas velocities among these variables have large effect on the flow regimes; homogeneous, heterogeneous and slug flow and transition regime for air-water (gasliquid bubble column) system [21] . Transition regime as a boundary layer of each flow can shift depending on the experimental setup and system used. Therefore, some investigators proposed that the operation of SBCR be carried out in the homogeneous flow regime of below 4 cm/s. Figure 2 illustrates the effect of superficial gas velocity on the gas holdup for squalane and paraffin oil in a SBCR. In this figure, the gas holdup has shown a positive effect of the superficial gas velocity. The dependence of the gas holdup on the superficial gas velocity can best be defined by the following power-law expression as n G G U ε = [7] . Initially, the gas holdup seems to increase sharply and almost linearly with the superficial gas velocity in the homogeneous flow regime [7] [22] . The increase in the gas holdup then reaches a maximum where the transition from homogeneous to heterogeneous flow regime occurs, and consequently a more non-linear increase with the superficial gas velocity beyond that point can be observed, as shown in Figure 2 .
In the present investigation it was observed that the solid holdup in homogeneous flow regime decreased slowly with the superficial gas velocity in dilute slurry phase, but it decreased rapidly in slurry phase of high solid concentration. On the other hand, the solid holdup in heterogeneous flow regime has not much of an effect on the superficial gas velocity. Physical properties of the liquid can have a major effect on the gas holdup in a SBCR. In this work, we used squalane and paraffin as liquid phases. Viscosity of squalane is higher than that of paraffin oil. A comparison of the gas holdups of squalane and paraffin oil, reveals that the gas holdup decreases Superficial gas velocity, cm/s Gas holdup, -with increasing liquid viscosity since the high liquid viscosity promotes bubble coalescence [23] . Large gas bubbles which are formed by the coalescence of small bubbles have the faster rising velocity, and this result causes the decrease of the gas holdup as well as the transition from homogenous to churn turbulent flow regime.
The effect of solid concentration (Sc) on the gas holdup is shown in Figure 3 . The gas holdup decreases gradually or dose not change considerably, with increasing solid concentration in a SBCR. This behavior is related to the fact that the increase of solid concentration can lead to the increase of slurry viscosity which promotes the formation of larger gas bubbles. Like this, an increase of bubble size increases the bubble rising velocity and decreases the residence time of the bubble in a SBCR. Furthermore, if gas velocity is maintained at constant level, the gas momentum per unit mass of slurry would decrease with increasing solid concentration and thus, the total gas holdup is expected to decrease with increasing solid concentration [4] . In addition, the slurry viscosity with solid concentration tends to decrease gradually by the increase of liquid viscosity, since the interfacial tension of bubbles has increased and the boundary layer thickness of the bubbles has increased [6] .
However, some investigators have studied various methods to analyze the bubbling behavior in the bubble column. A fractal approach was proposed to describe the behavior of pressure fluctuations to distinguish between the homogeneous and heterogeneous regime [20] and the multi-resolution analysis was used to study the local structure and regime transition in a gas-liquid bubble column [24] . In addition, other workers adopted the Kolmogorov entropy or Correlation Dimensions to quantify the chaos dynamics in bubble columns [25] [26] . Recently, several investigators have used the drift flux model for predicting regime transition and for analyzing hydrodynamics in the column. Therefore, in this work, we used the modified drift model to analyze the bubbling behavior in the SBCR. A plot of volumetric flux of gas phase versus fractional gas holdup adopting the modified Solid contents, wt% Gas holdup, -drift model is illustrated in Figure 4 . The profiles are similar to the result on the curves of the drift flux reported by Thorat & Joshi in the bubble column [13] . Initially, homogeneous flow regime of the low gas holdup attains the heterogeneous flow regime through transition points with increasing gas holdup. Since the drift flux in heterogeneous flow regime has increased rapidly with ε G , the distinction between transition regime and heterogeneous flow regime can be determined easily. However, the transition points changed with solid concentration, thus the studies on the change of transition regime are necessary. Figure 5 adopted the drift flux model proposed by Zuber and Findlay [14] using the results on the flow regimes classified in Figure 4 . The change of interstitial gas velocity in homogeneous flow is shown in Figure  5(a) . Interstitial gas velocity with superficial gas velocity or with solid concentration has not followed any tendency. At the relatively higher solid concentration, although the superficial gas velocity increases, interstitial gas velocity decreases because of the gas holdup than the amount of gas increased by the formation of the large bubble. On the other hand, the interstitial gas velocity in heterogeneous flow [ Figure 5(b) ] varied linearly with the superficial gas velocity. Moreover, the slope (K) indicative of the degree of non-uniformity is calculated as 2.21 (Sc = 0), 2.30 (Sc = 4.8 wt%), 2.59 (Sc = 13 wt%) and 2.86 (Sc = 20 wt%), respectively. Like this, the nonuniformity of bubble holdup can be detected in the churn turbulent flow regime as heterogeneous flow. As can be seen in Figure 5 , the results of this study fitted well to Equation (2), since the plots are essentially linear in each case. Note that the value of K increases with increasing solid concentration. This implies that the degree of non-uniformity of bubbling phenomena increases and bubble rising velocity increases, with solid concentration in heterogeneous flow.
However, the correlation on the holdup for the modeling, design and scale-up of SBCR was required certainly. But, as can be seen Table 1 , some investigators reported only in a slurry bubble column. In this work, the gas holdup was correlated well as a function of the operation variables, as represented by Equation (5). 
where, the correlation coefficient of Equation (5) is 0.97. The Equation (5) Table 1 , and as can be seen the agreement between the predicted and experimental values is within an absolute average relative error of 12%. 
for Tellus oil (ρL = 862, µL = 0.075, σL = 0.028) α = 2.25, β= 4.09, γ = 0.069, δ = 0.376 
where CS0 is solid concentratrion at bottom of column, kg/m The heat transfer phenomenon is very important scale-up factor to design the practical SBCR plant. In this work, the local heat transfer coefficient (h) was determined by means of Equation (4) from the knowledge of the mean value of differential temperature between the immersed heat transfer tube and the bed. The effect of superficial gas velocity (U G ) on the local heat transfer coefficient can be seen in Figure 7 . In this figure, the h value increases linearly with increasing U G in all cases of low U G . This can be attributed to the increase of turbulence in the SBCR due to the increase of gas holdup and gas momentum flow rate with increasing U G [5] [31] . As a result, the increase of turbulent intensity makes the boundary layer thickness at the surface of heat transfer tube to be thin, giving the high h values [26] . But, the h value in heterogeneous flow up to 10 cm/s can be shown to be insignificant. This is because the positive effect by the increase of turbulent intensity cancels out the negative effect by the increase of bubble size with increasing U G . In the case of paraffin oil, the h value obtained is generally higher than that of squalane since the large bubbles formed by bubble coalescence in liquid phase of high viscosity.
Effects of the solid concentration on the local heat transfer coefficient can be seen in Figure 8 . In this figure, the h value decreases slowly with increasing solid concentration. This can be attributed to an increase in apparent slurry viscosity and corresponding increase in average boundary layer thickness at the tube surface for heat transfer, with increasing slurry concentration [6] . In other words, the residence time of bubbles in the column decreases owing to the increase of rising velocity of bubbles. This reduces the bubble holdup considerably in the column. Moreover, the size distribution of bubbles becomes wider with the increasing bubble size, which can lead to the generation of the more irregular bubbling phenomena [26] .
In general, the heat transfer coefficient by several investigators in three-phase fluidized beds has been correlated in terms of the experimental variables such as gas and liquid velocities, particle size and liquid viscosity. Also, semi-theoretical correlations have been proposed based on the energy dissipation rate to predict h in threephase fluidized beds [32] . However, for the design and scale-up of multi-phase flow reactors such as three-phase fluidized bed, inverse fluidized bed or SBCR, it is desirable to predict h from the dimensionless correlations. Thus, in this paper, we proposed the modified correlations by dimensionless groups such as Nusselt number, Reynolds number and Prandtl number as Equation (6).
Local heat transfer coefficients between the immersed heater and the bed in the given experimental conditions have been well correlated in terms of dimensionless groups. The following correlations are obtained for the homogeneous and in the heterogeneous flow, respectively as shown in Equations (7) 
where, ε SL is the slurry phase holdup and the Equations (7) & (8) 
S t
ReFr Pr C − = (10) Figure 9 represents the Stanton number (h/C p ρU G ) plotted against the dimensionless group (ReFrPr 2 ) -1/4 for various slurry systems which is described in more detailed in Table 2 . As expected, Equation (9) fits just as well as it dose reference's data [20] [25] [32] [33] and our data, producing a figure of C = 0.1 for heat transfer. Figure 9 . Correlation of heat transfer coefficient measured in slurry phase based on Equation (9) (material systems and symbols given in Table 2 ). Figure 9 Deckwer et al. [21] Paraffin-Al2O3 5. 
Conclusion
From the results of this investigation on the gas holdup and the heat transfer in a slurry bubble column reactor, we can obtain the following conclusions. The gas holdup in a slurry bubble column reactor increases with increasing U G , but it decreases with increasing S C or slurry viscosity because of the formation of large bubbles and the faster rising velocity of bubble, apart from transition from homogenous to churn turbulent flow regime. Moreover, the flow regimes can be distinguished by a modified drift flux model which takes into consideration the relationship between gas holdup and superficial gas velocity. The non-uniformity of bubble holdup can be estimated by a distribution parameter (K) in the heterogeneous flow regime. The local heat transfer coefficient between the immersed heater and the bed increases with increasing U G . On the contrary, it decreases with S C or viscosity of slurry phase because the boundary layer thickness at the surface of heat transfer tube becomes thick. Finally, under the experimental conditions studied, good correlations are obtained to predict the local heat transfer coefficient between the immersed heater and bed in terms of dimensionless groups for different flow regimes. 
